Introduction
Alcohol use disorders (AUDs) are the most common and costly form of substance abuse, and cannabis is the most commonly used illicit drug in the United States (The NSDUH Report: Substance Use and Mental Health Estimates from the 2013 National Survey on Drug Use and Health: Overview of Findings 2014). It is estimated that more than one million people are currently living with HIV in the U.S. (Centers for Disease Control and Prevention 2014). The rates of chronic alcohol consumption and abuse are higher in persons living with HIV/ AIDS (PLWHA) than the general public, and rates of heavy alcohol use are reported by 40 to 50 % of patients surveyed (Braitstein et al. 2001; Chitsaz et al. 2013; Furler et al. 2004) . Similarly, PLWHA have a higher prevalence of cannabis use than that of the general population (Braitstein et al. 2001; Chitsaz et al. 2013; Furler et al. 2004; Harris et al. 2014) .
Alcohol and illicit drug use are significant predictors of nonadherence to ART (Bell et al. 1998; Bing et al. 2001; Khalsa and Royal 2004; Lee et al. 2001; Nair et al. 2004) . PLWHAwith alcohol and drug use disorders are consistently found to be nonadherent to ART and have a higher likelihood of virologic nonsuppression and adverse disease outcomes (Ghosn et al. 2014; Kino and Chrousos 2003; Slawson et al. 2014) . While cannabis use has not been linked to decreased ART adherence (Slawson et al. 2014) , both alcohol and cannabis use in PLWHA are associated with high-risk sexual behaviors (Hendershot et al. 2007; Raj et al. 2009; Shuper et al. 2009 ), increased vaginal (Theall et al. 2008) and seminal viral shedding (Ghosn et al. 2014) , and heightened risk of HIV transmission.
By impairing cognition and executive function, alcohol and cannabis use and abuse can lead to an increase in risky behavior and increased transmission of HIV. Because HIV infection has become a more chronic disease, comorbid conditions can alter the disease course by affecting metabolic (Kino and Chrousos 2003) , immune, and neurobehavioral (Lee et al. 2001 ) function. The use and abuse of illicit drugs is strongly discouraged in this patient population. However, the greater likelihood of alcohol and cannabis use, which is frequent in the general population and perceived by the lay public as having low health risks, has the potential to significantly impact the incidence of comorbid conditions and alter disease progression (Bell et al. 1998; Bing et al. 2001; Galvan et al. 2002; Khalsa and Royal 2004; Nair et al. 2004) . Preclinical and clinical studies have provided evidence that alcohol and cannabinoids including Δ 9 -THC produce multisystemic biological effects that can modulate HIV disease progression. Considerable knowledge regarding these interactions has been derived from studies using non-human primates (NHP) infected with simian immunodeficiency virus (SIV).
Much debate exists regarding the interaction of HIV disease progression and the two most frequently used and abused drugs (alcohol and cannabis), as many of the interactive effects that have been identified range from detrimental to beneficial. While the chronic use of alcohol has been consistently shown to accelerate disease progression in both animal and clinical studies, chronic use and administration of cannabinoids has not been shown to adversely affect disease progression. Systematic analysis of the organ systems impacted by alcohol and cannabinoids has been mostly done using the SIVinfected NHP model. In this review, we compare and contrast the detrimental, neutral, and beneficial effects of chronic alcohol and cannabinoid administration on SIV disease progression. The majority of investigations examining the impact of cannabinoids on disease progression have been limited to Δ 9 -tetrahydrocannabinol (THC), the most psychoactive component in marijuana and the main component of Marinol®, a drug approved by the Food and Drug Administration for treatment of HIV-associated anorexia. Throughout the review we identify critical domains of drug-disease interaction worthy of further study.
The SIV Model for the Controlled Study of the Impact of Chronic Alcohol and Cannabinoids on Disease Progression
The study of how drugs and alcohol impact disease progression in the clinical setting is obscured by multiple factors, including the difficulty in selecting a homogenous patient population, the ethical limitations in administering psychoactive drugs to an already fragile patient population, and the confounding effect of prescription, experimental, and illicit drugs frequently used by these individuals. Thus, much of our knowledge has been derived from integration of cellular and preclinical studies, and interpreted in light of what we know of human disease progression (Fig. 1) . The SIVinfected NHP model circumvents many of these limitations. The SIV-infected NHP is well recognized as the best animal model for studying the pathogenesis of HIV-like infection (Gardner and Luciw 1988; Lackner and Veazey 2007; Letvin 1990) . Based on the genetic, antigenic, and biologic properties, SIVs are the closest known relatives of human HIVs. Experimental infection of NHP with SIV produces a disease that is remarkably similar to human AIDS (Arthur et al. 1986 ). Intravenous inoculation with SIV results in peak viral load between days 14 and 21, with viral antigenemia being well established after~30 days. This initial increase in viremia is followed by a SIV-infected, yet asymptomatic period ultimately culminating in a clinical AIDS stage, which is characterized by diarrhea, weight loss, lymphopenia, thrombocytopenia, and lymphadenopathy/lymphoid hyperplasia progressing to immunosuppression (Baskin et al. 1988; Letvin 1990; McClure et al. 1990 ). Immunologically, like HIV, SIV infection is characterized by a marked reduction in CD4 + cells and in the CD4 + /CD8 + cell ratio, as well as a substantial increase in the rates of lymphocyte turnover (Mohri et al. 1998 ). The cause of death in the majority of untreated SIV-infected animals is the result of enteric disease, diarrhea and weight loss. Additional causes of death include lymphoma, opportunistic infections, and generalized wasting without diarrhea. The SIV-infected NHP allows for an integrated biological approach for comparing and contrasting the impact of chronic alcohol and Δ 9 -THC administration on SIV disease progression with particular focus on host defense and immune function, neurobehavioral function, and metabolism.
Salient Biomedical and Behavioral Consequences of Alcohol and Cannabinoid Use and their Interaction with HIV/SIV Disease Progression Alcohol & Disease Progression
Clinical and preclinical studies have identified significant comorbidity for chronic alcohol use and HIV infection. Alcohol-induced multi-systemic pathophysiological alterations in nutritional, metabolic, oxidative, and neuroendocrine pathways have all been identified as modulators of disease progression (Grant et al. 1995) . Studies from our group in which SIVinfected NHP received intragastric chronic binge alcohol (CBA) demonstrated that alcohol elevates the most reliable predictor of disease progression, viral set point (Bagby et al. 2006) ; accelerates disease progression to end-stage disease; increases and sustains elevations of viral load in the lung during bacterial infection (Nelson and Bagby 2011) ; induces changes in the ratio of intestinal CD4+ and CD8+ T lymphocytes in a direction that could increase disease transmission (Poonia et al. 2006) ; increases infectivity (Amedee et al. 2014b) ; disrupts nitrogen balance (Molina et al. 2006) , decreases skeletal muscle (SKM) functional capacity (LeCapitaine et al. 2011) ; accentuates wasting at end-stage disease (Molina et al. 2008) , and unmasks neurobehavioral deficits (Table 1) . Similar detrimental effects of alcohol self-administration in SIV-infected macaques have been reported in other studies. Specifically, higher viral loads in cerebral spinal fluid (Kumar et al. 2005) and increased levels of HIV target cells in various tissues (Marcondes et al. 2008 ) have been reported in alcoholexposed animals relative to controls. Although few clinical studies have examined the role of hazardous alcohol consumption on disease progression, studies have reported a dose-dependent decrease in overall survival in PLWHA (Deveaux et al. 2007) , as well as an increased likelihood of greater CD4+ cell count declines than those observed in nondrinkers (Baum et al. 2010; Miguez et al. 2003) .
Cannabinoids & Disease Progression
Marijuana is the most prevalent illicit drug of abuse and contains over 60 different cannabinoids. Δ 9 -THC is the most psychoactive component of marijuana (Dewey 1986; Hollister 1986 ). An endogenous cannabinoid system consisting of anandamide and 2-arachidonylglycerol, derivatives of arachidonic acid, has also been described (Felder et al. 1996) . These two endogenous cannabinoid ligands have short half-lives, function as neuromodulators at or near their site of synthesis, and share behavioral and physiological effects with Δ 9 -THC (Pertwee et al. 1993) . Cannabinoids bind to two major receptor subtypes (CB1 and CB2) with distinct localization (CB1 mainly in the central nervous system and CB2 mainly on B lymphocytes and natural killer cells), while exerting neurobehavioral, immunomodulatory, and metabolic effects. Marijuana use is frequent in PLWHA, both recreationally and therapeutically (SAMHSA 2004) in its synthetic form (Δ 9 -THC; MARINOL® (dronabinol) (ElSohly et al. 2001 ). In contrast to the consistent reports of non-adherence to ART by alcohol-using PLWHA, high-frequency cannabis use has not been reported to interfere with adherence to ART (Slawson et al. 2014) . This is an important contrast in behavioral consequences of the use of these two most frequently abused substances that is likely to have an impact on the overall biomedical consequences and comorbidities in PLWHA.
In contrast to the detrimental impact of chronic alcohol administration to SIV-infected macaques, chronic administration of Δ 9 -THC to male rhesus macaques results in decreased early mortality from SIV infection, attenuation of plasma and CSF viral load, and modest retention of body mass (Molina et al. 2011b ). However, a similar protective effect was not observed in female macaques (Amedee et al. 2014a) , suggesting a possible drug-sex steroid interaction and highlighting the need for further studies focusing on sex-specific cannabinoid effects on SIV disease. Among the possible mechanisms responsible for modulation of disease progression in male macaques are attenuation of localized tissue inflammatory responses and viral replication (Molina et al. 2011a) as discussed below and summarized in Table 2 .
Principal Domains of Alcohol and Cannabinoid Interaction with HIV/SIV Disease
Because alcohol and marijuana are the most frequently used and abused substances by the general population and PLWHA, understanding how they impact disease progression is of great relevance. While both substances are associated with increased risky behavior, our studies, along with those from other investigators, have identified contrasting effects on disease progression in three major domains; immune function, neurobehavioral impairments, and metabolic activity (Figs. 2 & 3) . Here, we discuss some of the most relevant findings that support the sensitivity of these domains to modulation by alcohol and cannabinoids.
Alcohol Immunomodulation & SIV/HIV Disease
Chronic alcohol consumption and abuse, particularly in the form of binge drinking, has been shown to result in significant alterations in immune function, thereby increasing host susceptibility to bacterial and viral infections, including HIV. In vitro studies have reported that peripheral blood mononuclear cells isolated from individuals after consuming alcohol support higher levels of HIV replication as compared to replication levels in cells collected prior to alcohol ingestion (Bagasra et al. 1996) . Similarly, a tenfold increase in HIV levels was observed in cultured lymphocytes that were pretreated with alcohol in vitro, prior to HIV infection (Liu et al. 2003) . More recently, cord blood monocyte-derived macrophages (CBMDM) exposed to alcohol in vitro were shown to support higher levels of HIV when compared to controls, and a concomitant suppression of several innate HIV restriction factors (Mastrogiannis et al. 2014) . Treatment of CBMDM with 20-40 mM alcohol significantly decreased the levels of several miRNAs known to restrict HIV replication and dose-dependently suppressed mRNA levels for the anti-viral factors APOBE3G, APOBEC3H, INF-alpha, and IFN-ß. These innate immune factors play important roles in the initial host responses to infection (Ivashkiv and Donlin 2014) . In particular, the balance of type-1 interferon responses is critical to the control of viral dynamics in tissue reservoirs, where the absence of type-1 interferons during acute infection has been shown to accelerate disease progression (Sandler et al. 2014) . Recent studies from our group support the (50)) viral replication in MT4-R5 cells ↓ CB-1 and CB-2 receptor levels in the hippocampus ↓ Brain MCP-1 expression ↑ CD4+ and CD8+ T lymphocyte CXCR4 expression ↔ Blood CD4+ lymphocyte count and CD4+/CD8+ ratio decline ↓ Gut viral load ↑ Duodenal integrin beta 7 (+) (B7) CD4 (+) and CD8(+) central memory T cells ↑ Gut Th2 cytokine expression Δ Gut expression of genes involved in apoptosis, cell survival, proliferation, morphogenesis, and energy and substrate metabolic processes ↓ Gut epithelial crypt cell apoptosis ↑ Total CXCR4 expression in peripheral and duodenal CD4+ and CD8+ T lymphocytes ↑ Gut miR-10a, miR-99b, miR-145, miR-149 and miR-187 (target proinflammatory molecules) expression ↓ NOX4+ crypt epithelial cells hypothesis that CBA disrupts the innate mucosal immune responses to increase acquisition of SIV. Following a single intra-rectal inoculation with SIV mac251 , we observed an increased susceptibility to SIV infection in animals exposed to CBA as compared to controls, with 100 % of CBA animals infected vs. 67 % of the controls (p=0.004) (Amedee et al. 2014b) . How CBA affects specific innate responses following HIV/SIV exposure and their contribution to viral acquisition and early replication remains to be examined.
Our studies have also demonstrated that CBA increases viral load at set point and decreases time to end-stage disease in SIV-infected (SIVmac251 and SIVB670) rhesus macaques (Bagby et al. 2006 ). The higher viral load and accelerated disease progression occured despite CBA-administered animals having greater virus-specific cellular immune responses and similar humoral responses compared to a sucrose-treated group (Pahar et al. 2013) . A possible mechanism for the enhanced viral replication may be alcohol-mediated alterations in the gut mucosal immune system, as there were higher percentages of central memory and naïve CD4+ T cells in duodenal tissues of CBA macaques prior to SIV inoculation (Poonia et al. 2006a ). After infection, CBA animals had higher levels of SIV in the gut mucosa sampled at viral set point (approximately 10 weeks post-inoculation) (Poonia et al. 2006b ). The CBA-induced immunological changes in this mucosal tissue provide an environment conducive to early and rapid virus replication. The increase in viral replication following CBA could lead to a decreased capacity to Fig. 2 The most relevant effects identified during the investigation of the interaction of chronic binge alcohol administration with SIV disease progression were decreased mucosal immunity and increased viral replication, changes in metabolic regulation, and increased disruption of neurobehavioral functions Fig. 3 The most relevant effects identified during the investigation of the interaction of chronic Δ 9 -THC administration with SIV disease progression were suppressed inflammation and decreased viral replication control viral reactivation during opportunistic infections. In support of this hypothesis, results from our studies show that S. pneumoniae inoculation results in prolonged viral replication in the infected lungs of CBAadminstered SIV-infected macaques, as compared to that of SIV-infected controls (Nelson et al. 2013) . Increased localized HIV replication, particularly in alveolar macrophages and CD4 + cells, has been reported to increase viral mutations and promote viral escape from latent reservoirs (Nelson and Bagby 2011) . In more recent studies, we have also observed compartmentalized changes in the female genital tract of CBA macaques, where we observed decreased levels of lactobacillus morphotypes, increased levels of gram-positive cocci, and an increased number of inflammatory cells in vaginal fluids before and after SIV infection. These changes were associated with a higher incidence of cell-associated SIV shedding in vaginal secretions (Loganantharaj et al. 2014) , and suggest that CBA may increase the risk of genital virus shedding and sexual transmission. This is supported by reports that moderate to heavy alcohol consumption by HIV+ women on ART increased the incidence of vaginal HIV-1 shedding compared to women that did not report alcohol consumption (Theall et al. 2008) . Studies from other laboratories have also reported alcohol-induced alterations in SIV pathophysiology that could increase vulnerability to disease progression. Alcohol consumption has been reported to reduce circulating memory CD4+ T cells and increase levels of monocytes expressing the viral co-receptor CCR5 during the acute stages of infection (Marcondes et al. 2008) . Moreover, others have reported higher plasma viral load, continued CNS viral replication, and greater magnitude of CD4+ cell loss in alcohol-consuming NHP when compared to nonconsuming SIV-infected macaques (Kumar et al. 2005) .
Alcohol-mediated alterations in immune function may have additional detrimental effects on vulnerable organ compartments. For example, alcohol administration has been shown to affect immune cell populations in gut, liver, and brain during the acute phase of infection (Marcondes et al. 2008 ). The resulting tissue inflammation has been proposed to favor a milieu with increased susceptibility to infection, but may also enhance or promote tissue injury.
We propose that initial immune activation and increased viral replication seen in the CBA-administered SIV-infected macaques is conducive to immunosenescence over time. Recent studies from our group have identified an increase in the p e r c e n t a g e o f b l o o d a n d l y m p h n o d e C D 8 + T immunosenescent cells isolated from non-ART treated CBAadministered SIV-infected macaques at 12-14 months after SIV infection that is not seen at this time in sucrose controls (unpublished studies). Moreover, ongoing studies indicate that circulating PBMCs isolated from PLWHA with AUDIT scores greater than 8 have higher percentages of activated immunosenescent cells than those with AUDIT scores less than 8. These findings are important because they reflect the clinical relevance of the findings from the NHP model and highlight immunosenescence as a potential factor contributing to HIV disease progression.
Cannabinoids, Immunomodulation & SIV/HIV
Cannabinoids have been shown to alter several aspects of immune function (Friedman et al. 1995; Klein et al. 2003) including cytokine production and lymphocyte phenotype, function, and survival (Friedman et al. 1995; Klein et al. 2003; Zhu et al. 1998) . Clinical studies have shown that chronic use of cannabis is associated with increased incidence of infection (Morahan et al. 1979; Shay et al. 2003; Specter et al. 1991; Tindall et al. 1988) . Similarly, in the NHP, chronic administration is associated with suppression of lymphocyte (Daul and Heath 1975) and alveolar macrophage (Cabral et al. 1991) function. THC has been reported to decrease cellmediated immunity by suppressing the production of IFNand IL-12, and increasing T helper 2 (Th2) activity mediated by enhanced IL-4 expression (Newton et al. 1994) . In addition, THC has been shown to suppress T-cell proliferation and shift the balance of Th1/Th2 cytokines (Pross et al. 1990 ). The cannabinoid-dependent modulation of the activation and balance of human Th1/Th2 cells has been proposed to occur through a CB2 receptor-dependent pathway (Yuan et al. 2002) . The possibility that this altered balance affects the course and progression of HIV infection has not been examined and warrants closer attention. To date, no clinical studies have rigorously addressed the impact of chronic THC use on the course of HIV infection. However, reports of studies from the Sydney AIDS project indicated that less frequent oral sexual activity and more frequent use of marijuana in the three months prior to enrollment were the only lifestyle differences between seropositive subjects who progressed to AIDS and those that did not progress (Tindall et al. 1988) . However, more recent reports on data collected from two linked longitudinal observational studies of injection drug users suggest that at least daily cannabis use was associated with significantly lower viral load than in non-users during the early period following seroconversion (Milloy et al. 2014) . Therefore, much remains to be understood about the interaction of cannabinoids with disease progression, particularly as it is a drug that increasingly has gained acceptance in society with an associated perception of safety or low risk. These factors are likely to further increase use and abuse of cannabis by PLWHA. A better understanding of the potential benefits, detriments, or limitations of cannabis-mediated modulation of disease warrants further research in this area. Specifically, whether chronic cannabis consumption interacts with ART metabolism and/ or effectiveness remains to be determined.
Most of the immunomodulatory effects of cannabinoids have been shown to be mediated by CB2 receptors (Rom and Persidsky 2013) . Cannabinoid receptor agonists have been shown to inhibit viral replication in macrophages (Ramirez et al. 2013) , reduce CXCR4-tropic virus infection in primary CD4+ T cells, and decrease CXCR4-mediated activation of G-protein activity and MAPK phosphorylation (Costantino et al. 2012) . In addition to the attenuation of inflammation in the spleen and brain, our recent studies have identified the gastrointestinal tract as the site of cannabinoid disease modulation. Those studies showed that chronic Δ 9 -THC administration modulated duodenal T-cell populations, favored a pro-Th2 cytokine balance, and decreased intestinal apoptosis (Molina et al. 2014 ). More recently, we have also identified the contribution of epigenetic mechanisms to cannabinoid-mediated disease modulation. Our most recent findings show selective upregulation of miR-10a, miR-24, miR-99b, miR-145, miR-149 and miR-187 expression in the duodenum of THC-treated SIV-infected macaques. These miRs, particularly miR-99b, have been shown to target proinflammatory molecules including NOX4, which may serve to protect the intestinal epithelium from oxidative stress-induced damage (Chandra et al. 2014) . Others have shown a role for CB2-mediated attenuation of pro-inflammatory cytokine-mediated mucosal damage without direct effects on human colonic mucosal epithelial barrier function (Harvey et al. 2013) . Further examination of cannabinoid-mediated epigenetic modulation of gut barrier function may lead to specific miRs that could be targeted to diminish gastrointestinal inflammation and viral replication.
Neurobehavioral Interactions Between Alcohol and SIV/HIV Disease
The central nervous system (CNS) is an early target in HIV pathology with increasingly severe neurological deficits developing during the course of the disease (Snider et al. 1983 ). Early epidemiological data indicated that 50-75 % of HIVinfected adults were diagnosed with neurological problems and 20 % developed AIDS dementia (Grant et al. 1995) . Viral replication in the CNS is thought to establish a state of chronic immune activation that can lead to several forms of cognitive impairment. According to the Cipher Protocol (Rodger et al. 2011 ), this cognitive impairment typically leads to mental slowing, memory loss, and difficulties in complex tasks requiring executive function. In 2007, the American Academy of Neurology partitioned HIV-associated neurocognitive disorders (HAND) into 3 categories: Asymptomatic Neurocognitive Impairment (ANI, mild to moderate neuropsychological [NP] impairment), Mild Neurocognitive Impairment (MNI, documented mild to moderate NP impairment in at least two cognitive domains with mild everyday difficulties), and HIV Associated Dementia (HAD, moderate to severe NP impairment in two cognitive domains with moderate to severe everyday life difficulties). Furthermore, HAD, a subcortical dementia, is characterized by progressive motor abnormalities (tremor, gait ataxia, and loss of fine motor movements), cognitive impairments (mental slowing, forgetfulness, and poor concentration), and behavioral disorders (including mania at the outset, apathy, and emotional ability). Although severe HAD is rarely seen in patients receiving effective combination antiretroviral therapy (cART), varying degrees of NP impairment are increasingly recognized in HIV patients both on and off cART, even in the asymptomatic period of HIV infection associated with higher CD4 counts (Cysique and Brew 2009) . These clinical observations underscore the need for continued research on the neurobiology of HIV.
One of the most important attributes of the SIV-infected NHP model is that some of the same behavioral and neuropathological sequelae that are observed in the human neuroAIDS syndrome have also been shown to occur in SIV-infected monkeys (da Cunha et al. 1994; Heyes et al. 1992; Murray et al. 1992; Prospero-Garcia et al. 1996) . One common finding between humans and monkeys has also been that motor skill deficits occur earlier and more frequently than cognitive impairments (Gold et al. 1998; Rausch et al. 1994; Raymond et al. 1999) . Although all of the findings from HIVinfected humans and SIV-infected monkeys have not been this congruent and straightforward, the vast majority of findings in monkeys have strong parallels with the findings in humans (Cheney et al. 2008) . Moreover, the NHP model of SIV has become an important tool for directly investigating cognitive and motor deficits produced by infection and have allowed investigators to eliminate many of the variables that confound human studies, such as the effects of cART, education level, age, socioeconomic status, and polydrug abuse.
We used the SIV-infected NHP model and a complex learning task to determine the effects of CBA administration on SIV disease progression. Chronic alcohol consumption, like HIV and SIV, is known to produce NP changes in animals and man, and in all likelihood could compromise functioning of some of the same structures in the brain that are affected by immunodeficiency viruses. In animal studies, for example, chronic ethanol administration leads to learning deficits, loss of dendritic spines, reduction in dendritic branching, and cell death in areas of the brain such as the hippocampus and thalamus (Grant 1987; Grant et al. 1995) . In our task, which assessed executive function and the capacity for new learning, CBA clearly produced greater disruptions of the task in SIVinfected monkeys than in monkeys who received either CBA or SIV alone. However, the greater NP impairments in the SIV-infected group were only evident during alcohol intoxication. This suggests that CBA unmasks CNS pathology that is otherwise not apparent in these subjects. Interestingly, these data fit well with data from 46 % of the cross-sectional studies and 66.6 % of the longitudinal studies indicating that asymptomatic individuals with HIV infection do not appear to have clinically relevant cognitive impairments (Fein et al. 1995; Newman et al. 1995) . Our findings also fit well with the notion that alcohol can serve as a cofactor that may unmask otherwise subclinical deficits, as chronic alcohol has since been shown to enhance deficits in motor and visuomotor speed and coordination Meyerhoff 2001) , attention and learning, and memory in HIV patients (Rothlind et al. 2005) . Chronic alcohol and HIV infection have also been shown to have a synergistic detrimental impact on brain volume in areas such as the central white matter, subcortical brain structures, and the frontal cortex (Sassoon et al. 2007 ). These morphological changes, combined with reported alterations in brain inflammatory responses and oxidative stress in HIV subjects, correlates well with the occurrence of impaired cognitive function. Whether these findings are a consequence of enhanced neuroinflammation or greater viral load remains to be determined and is the focus on ongoing investigations.
Neurobehavioral Interactions Between Cannabinoid and SIV/HIV Disease
Prior to conducting any research with the SIV-infected NHP model, there was good reason to suspect that the disruptive effects of chronic THC on neurobehavioral processes would be greater in the presence of an immunodeficiency viral infection, just as the disruptive effects of alcohol on neurobehavioral processes were greater in the presence of HIV in humans (Green et al. 2004; Rothlind et al. 2005 ) and of SIV in NHP . For instance, THC is known to affect reaction time (Hunault et al. 2009; Wilson et al. 1994 ) and working memory (Hampson and Deadwyler 1999; Hampson and Deadwyler 2000; Lichtman et al. 1995) , which are thought to involve subcortical structures and the hippocampus, respectively. These areas are also known to express CB-1 receptors, which are known to mediate the NP impairments produced by the cannabinoids (Rodriguez de Fonseca et al. 1994; Romero et al. 1998; Villares 2007; Winsauer et al. 2011b ) Thus, even though chronic THC alone had not been shown to produce marked neuropathological alterations that lead to permanent NP impairments, and the long-term consequences of use or abuse on CNS function had not been as well studied in animals or man (Carlini 2004; Landfield et al. 1988) there was little reason to expect anything other than additive NHP impairments for the comorbidity of chronic cannabinoids and HIV or SIV.
To examine this interaction specifically, we used a NHP SIV model similar to that employed in the study of the interaction of CBA and SIV infection . The only exceptions were that we administered THC daily for approximately one month prior to SIV inoculation instead of three months as we had done with CBA. Of note, and in contrast to our results with CBA, chronic THC did not produce additive NP impairments with SIV infection. In fact, NHP that received chronic THC (as opposed to vehicle) developed tolerance to its behaviorally disruptive effects and this tolerance was maintained during the initial 7-12 months of the study irrespective of SIV infection. These findings were associated with postmortem histopathology data indicating that chronic THC may have reduced the frequency of CNS pathology as well as opportunistic infections. Finally, while chronic THC did decrease CB-1 and CB-2 levels in the hippocampus, it did not adversely impact viral load in plasma, CSF, or the brain during the early stages of infection, or increase the levels of inflammatory cytokines. Though this study was limited by small numbers, the notable difference in neuropathology and in opportunistic infection rates between vehicle-and THCtreated SIV-infected subjects strongly suggests a protective effect of cannabinoids on disease progression
Another important consideration when studying the neurobehavioral interaction of cannabinoids and HIV is the sex of the individual. Cannabinoids have clearly been shown to exert both sex-dependent biological and behavioral effects. In humans, marijuana abuse is more prevalent, and tends to persist longer, in males than females, which suggests potential sex differences in both the reinforcing and subjective effects of Δ 9 -THC (ADAMP 2003; SAMHSA 2005; ). There are also behavioral and pharmacodynamic data from studies with animals to support a direct interaction of the cannabinoids with the gonadal hormones (Fattore and Fratta 2010) . In a rodent study, for example, a within-subject design was used to show that estradiol administration can attenuate the disruptive effects of Δ 9 -THC in ovariectomized (OVX) female rats responding in a complex learning task (Daniel et al. 2002) . Along with these purely behavioral data, there are biochemical data indicating that ovarian hormones can either inhibit or antagonize cannabinoid signaling in areas of the brain important for cognitive functioning, such as the hippocampus and striatum ). Moreover, estrogens are capable of producing the attenuation of cannabinoid signaling in multiple ways, including reducing guanosine-5′-O-(3-thio)triphosphate (GTPγS) binding or coupling of CB1 receptors to signaling pathways, modification of CB1 receptor mRNA and protein expression, altering the relative affinity of agonists for CB1 receptors, and affecting co-chaperones such as the activator of heat-shock 90 kDa protein ATPase homolog 1 (AHA-1) that move CB1 receptors to the cell surface from subcellular locations (Filipeanu et al. 2011; Gonzalez et al. 2000; Mize and Alper 2000; Riebe et al. 2010; Rodriguez de Fonseca et al. 1994) . These data, which support an antagonistic interaction between estrogens and cannabinoids, are in agreement with results obtained from our most recent study using the SIV-infected NHP model. In this study, female NHP became tolerant to the neurobehavioral impairments produced by chronically administered THC (as opposed to vehicle), but were not protected from early mortality or some of the other metabolic and immune effects of SIV infection (Amedee et al. 2014a) . Further studies are needed to explore the sex-dependent effects of the cannabinoids on HIV disease progression, as well as the implications on viral transmission. Clearly, the SIV-infected NHP model provides a unique opportunity to evaluate sex differences in the protective and detrimental effects of cannabinoids on disease course and progression.
Alcohol Metabolic Modulation & SIV/HIV Disease
The increased survival of PLWHA on ART is complicated by severe metabolic side effects (Carr and Cooper 2000; Carr et al. 1998) . Metabolic alterations, particularly defects related to lipid metabolism, with or without an associated fat Bredistribution^or lipodystrophy, have been shown to lead to a higher risk for insulin resistance. Such resistance is often manifested as an increased frequency of glucose intolerance or frank diabetes mellitus in PLWHA (Barbaro 2006; Hadigan et al. 2000; Jones et al. 2005 ). The mechanisms underlying dysglycemia in PLWHA remain poorly understood (Gutierrez and Balasubramanyam 2012) . However, chronic subclinical inflammation is thought to contribute to adipose tissue dysregulation and metabolic derangements seen in ART-treated PLWHA (Kamin and Grinspoon 2005; Kolter 2003) .
Alcohol-using PLWHA have higher odds of presenting with lipodystrophy (Cheng et al. 2009 ) and altered adipokine profiles, which have been linked to alterations in metabolism in obese (Rasouli and Kern 2008) and ART-treated PLWHA (Sevastianova et al. 2008) . Reports on the effects of chronic alcohol use and abuse on fat mass and metabolism have been equivocal. Some have reported decreased fat mass (Addolorato et al. 2000; Leggio et al. 2009 ), while others have demonstrated a high incidence of dyslipidemia and increased fat mass in alcoholics with more than 20 % of patients meeting criteria for metabolic syndrome (Jarvis et al. 2007 ). The concept that alcohol induces insulin resistance by promoting adipose tissue dysregulation is gaining momentum. Recent publications suggest that chronic alcohol abuse may not only alter fat mass, but may also disrupt adipokine profiles including that of leptin (Nicolas et al. 2001 ) and adiponectin (Chen et al. 2007; Rogers et al. 2008; You et al. 2005; You and Rogers 2009 ). Results from our ongoing studies in male and female CBA-administered SIV-infected macaques treated with ART have identified decreased circulating levels of high molecular weight (HMW) adiponectin (unpublished observations), which has been shown to precede development of insulin resistance (Kadowaki et al. 2006) . Whether CBA and SIV lead to enhanced adipose inflammation has not been determined. However, a compromised gut barrier, which has been reported in alcoholics and in SIV-infected macaques could lead to increased translocation of gut bacterial toxins and promote subclinical systemic inflammation and dyslipidemia as recently reported in PLWHA (Brenchley 2006) .
A U-shaped relationship was described for levels of alcohol consumed and incidence of Type-II diabetes mellitus (T2DM) (Conigrave and Rimm 2003; Howard et al. 2004; Klatsky 2007) . In a large meta-analysis, protective effects of alcohol consumption on the incidence of T2DM in both men and women were greatest with the consumption of about two drinks per day. Higher levels of alcohol consumption (above 50 g/day for women and 60 g/day for men) were associated with an increased risk for T2DM (Baliunas et al. 2009 ). However, in overweight women and men, a positive relationship between alcohol consumption and T2DM was observed irrespective of the amount of alcohol consumed (Beulens et al. 2012) . Preclinical studies have also demonstrated that the administration of moderate amounts of alcohol to rodents with metabolic disorders increase the risk of metabolic complications and diabetes (Adaramoye and Oloyede 2012) . Acute alcohol administration, on the other hand, impairs insulin sensitivity in short-term experiments in rodent models (Lindtner et al. 2013 ) and humans (Boden et al. 1993; Yki-Jarvinen and Nikkila 1985) .
The deleterious effects of alcohol on metabolic regulation may result from impaired secretion of insulin, reduced insulin sensitivity or increased resistance alone or some combination of these effects (Bau et al. 2007 ; de la Eisner et al. 2014; Gao et al. 2010; Lang et al. 2005; Lang et al. 2001; Lieber 2004; Nguyen et al. 2012; Purohit et al. 2009; Ronis et al. 2007) . Together with the direct effects of alcohol on metabolic pathways, malnutrition also contributes to metabolic dysregulation among alcoholics (Bunout 1999) .
Our studies have provided evidence that CBA accentuates metabolic derangements in SIV-infected macaques (Molina et al. 2008; Molina et al. 2006) . CBA-administered SIV-infected macaques not treated with ART present with decreased total caloric intake, altered nutrient selection, and decreased nitrogen intake and balance, as disease progresses. Moreover, they show a marked decrease in skeletal muscle mass (SAIDS wasting) and dysfunctional skeletal muscle phenotype, which we found were associated with accelerated time to end-stage disease, relative to isocaloric sucrose SIV-infected animals (Molina et al. 2006) . Our findings indicate that the mechanisms underlying (and preceding) accentuated SAIDS wasting include the amplification of localized skeletal muscle inflammation, profound depletion of skeletal muscle anti-oxidant capacity (oxidative stress), increased proteasomal activity, and decreased myoblast differentiation potential (LeCapitaine et al. 2011; Simon et al. 2014) .
A mechanism that is likely an underlying factor for alcohol-induced disruption of metabolic regulation and muscle wasting is impaired anabolic cell signaling (Ronis et al. 2007 ). Specifically, studies have shown that chronic alcohol consumption markedly impairs insulin and insulin-like growth factor (IGF) cell signaling, and this has been considered an important mechanism contributing to alcoholic myopathy (Lang et al. 2005; Nguyen et al. 2012 ). The results from our studies and those of others collectively indicate that enhanced skeletal muscle inflammation promotes degradation and impairs accretion or repair of skeletal muscle, which we predict translates into decreased strength in PLWHA. Reduction and cessation of alcohol consumption result in improved muscle strength (Fernandez-Sola et al. 2000; Martin et al. 1985) .
However, whether targeted nutritional or physical (exercise) interventions are effective in improving metabolic regulation, restoring muscle mass, and improving strength in alcohol-using PLWHA remains to be determined.
Cannabinoid Metabolic Modulation & SIV/HIV
Reports on the effects of marijuana on body mass index (BMI) are inconsistent. Two representative national surveys reported lower BMI and lower prevalence of obesity among marijuana users than that of non-users (Penner et al. 2013 ). In the National Epidemiological Survey on Alcohol and Related Conditions (NESARC) and the National Comorbidity SurveyReplication (NCS-R) studies, the adjusted prevalence of obesity was 22.0% and 25.3% in participants reporting no use of cannabis in the past 12 months, compared to 14.3% and 17.2% in participants reporting the use of cannabis 3 days a week or more, respectively (Le Foll et al. 2013) . Similarly, in a 21-year follow-up study from the Mater-University Study of Pregnancy and its Outcomes (MUSP), the prevalence of obesity was lower among recent cannabis users (Hayatbakhsh et al. 2010) . These findings would appear incongruent with the fact that cannabis and its derivatives have been approved by the Food and Drug Administration (FDA) for treatment of anorexia (Merroun et al. 2009 ), nausea, anxiety, constipation, tiredness and depression in PLWHA and in cancer patients (Cinti 2009; Woolridge et al. 2005) . Few clinical studies have provided insight into the impact of cannabinoids on metabolic comorbidities in PLWHA. Short-term use of cannabis, either oral or smoked, does not substantially elevate viral load in HIV-infected individuals receiving stable ART containing nelfinavir or indinavir (Abrams et al. 2003) . Among human clinical studies that have looked at the effects of marijuana or dronabinol in HIV patients, the body weights of participants on the treatment significantly increased in comparison with those on lower doses or those not taking cannabinoids (Abrams et al. 2003; Haney et al. 2007; Struwe et al. 1993 ). However, dual-energy x-ray absorptiometry (DEXA) demonstrated that most of the weight gained was due to increased adipose tissue accumulation (Abrams et al. 2003) , supporting the findings from others showing that BMI was slightly lower (Smit and Crespo 2001) even though marijuana users had higher intakes of energy and nutrients than non-users. This inability of cannabinoids to augment lean body mass and to increase fat mass deposition should be critically examined, and is particularly important in light of the well-described lipodystrophy seen in AIDS patients on ART (Carr and Cooper 2000; Carr et al. 1998) .
In our studies using SIV-infected male rhesus macaques, chronic daily administration of Δ 9-THC (0.32 mg/kg twice a day) produced a greater retention of body mass than chronic daily administration of vehicle (Molina et al. 2011a; Molina et al. 2011b) . Conversely, Δ 9 -THC-treated female macaques failed to gain body weight during the course of the study (Amedee et al. 2014a) . Changes in body composition due to HIV wasting have been shown to be sex-specific and women lose more body fat while men lose more lean body mass (Grinspoon et al. 1997; Kotler et al. 1985) . This could be partially explained by the increased sensitivity of males to cannabinoid receptor 1 (CB1R) agonist/antagonist effects on food intake and body weight (Diaz et al. 2009 ) together with the effects of estrogen on food consumption (Czaja 1975) .
Limited preclinical and clinical studies have examined the effects of cannabinoids on the incidence and progression of diabetes and insulin resistance in HIV patients. Marijuana use has been associated with lower prevalence of obesity (Le Strat   Fig. 4 Summary of the principal mechanisms of alcohol-and cannabinoid-induced modulation of SIV disease progression in male rhesus macaques and Le Foll 2011) and diabetes mellitus (Penner et al. 2013; Rajavashisth et al. 2012) . In an experimental model of autoimmune diabetes, Δ 9 -THC reduced the severity of autoimmune responses, preserved pancreatic insulin content, and led to lower blood glucose levels in the diabetic group of animals (Li et al. 2001 ). The serum cholesterol, HDL and LDL levels were lower in the Δ 9 -THC treated diabetic rats compared to untreated rats. This could partly be explained by the anti-inflammatory effects rendered by Δ 9 -THC (Ehrhart et al. 2005; Molina et al. 2011a ). Cannabidiol, a non-psychotropic component of marijuana, has also been shown to significantly reduce the incidence of diabetes in non-obese diabetic mice (Weiss et al. 2006 ). Furthermore, current marijuana users had lower fasting insulin levels and insulin resistance, and higher high density lipoprotein-C (HDL-C) levels than non-users in a study conducted by National Health and Nutrition Examination Survey (NHANES). The same effects were not observed in past users, however, suggesting a temporal pattern of cannabinoid-mediated modulation of insulin sensitivity (Penner et al. 2013) . In another large population of subjects recruited by the National Institute on Drug Abuse, chronic cannabis smokers had more visceral adiposity and adipose tissue insulin resistance compared to controls, but there were no differences in hepatic steatosis, glucose insulin insensitivity, pancreatic ß-cell function, or dyslipidemia (Muniyappa et al. 2013) . Thus, the potential that chronic cannabinoid use interacts with metabolic processes that can impact on the incidence of insulin resistance or metabolic syndrome cannot be ignored (Coskun and Bolkent 2014; Horvath et al. 2012 ).
The molecular mechanisms by which cannabinoids, especially Δ 9 -THC, might modulate insulin sensitivity are still unknown. Human and animal studies have shown that endogenous cannabinoid receptors play a critical role in energy expenditure and metabolism. Activation of the peripheral endogenous cannabinoid system has been associated with human obesity (Engeli et al. 2005 ) and with activation of both peripheral and central CB1R (Di Marzo 2008 ). Δ 9 -THC, a partial CB1R agonist (Pertwee 2008 ) and its acute administration stimulates appetite. However, reports in the literature indicate that chronic cannabis consumption is associated with lower incidence of obesity (Le Foll et al. 2013 ) and lower fasting insulin levels and index of insulin resistance (Penner et al. 2013 ). This may be the result of down-regulation and desensitization of the CB1R (Sim-Selley 2003; Winsauer et al. 2011b) , activation of peroxisome proliferator-activated receptor-γ (PPAR-γ) (O'Sullivan 2007), or alternatively, modulation of adipocyte adiponectin transcription (Teixeira et al. 2010) . However, understanding the molecular mechanisms through which cannabinoids, both endogenous and exogenous, may modulate metabolic comorbidities in PLWHA is only in its early stages.
Perspectives and Emerging Areas in Need of Further Research
With the use of effective ART, morbidity and mortality have been substantially reduced in HIV-infected patients. HIV infection has become a chronic disease during which comorbid conditions such as drug abuse have greater potential of altering the course of disease progression by affecting metabolic, immune and neurobehavioral function. The greater prevalence of alcohol and marijuana use in this patient population and the known biomedical consequences of their use and abuse, urgently call for continued research to understand the detrimental, neutral, and/or potentially beneficial effects (in the case of cannabinoids) of these drugs on disease progression. This review highlights salient metabolic, immune, and neurobehavioral processes that are susceptible to alcohol and cannabis modulation (Fig. 4) . Overall, studies from our group as well as many others in the field have provided evidence that both alcohol and the cannabinoids may impact disease progression directly through pro-inflammatory and anti-inflammatory mechanisms, respectively. However, epigenetic mechanisms of alcohol and cannabinoid action, the role of stem cells in tissue repair and regeneration from combined injury (alcohol and HIV-associated inflammation), compartment-specific alterations in host defense that impact on infectivity, antiretroviral metabolism, distribution, and effectiveness, as well as the possible impact of these drugs on viral reservoir reactivation also need investigation. We believe the current advancement in experimental approaches, analytical techniques, and animal models such as the SIV-infected NHP, facilitate translation of science-derived knowledge to improve patient care and provide a unique opportunity for discoveries that will inform future treatment and prevention strategies.
